Abstract. Using a high-resolution Si(Li) X-ray detector, the Lα, L β and Lγ X-ray fluorescence cross sections and the relative intensities for elements with 57 ≤ Z ≤ 71 were measured at photon incident energy of 16.9 keV. We also theoretically calculated these cross sections, and discussed the experimental results in comparison with the theoretical values. As a result, we have found that our experimental results are in good agreement with the theoretical ones.
Introduction
Experimental studies of L X-ray fluorescence cross sections in different elements at various photoionization energies represent an important step towards various application in atomic, molecular, and radiation physics. They also provide a sensitive test for the validity of various theories on the inner-shell photoionization [1] , fluorescence yield, and X-ray intensity ratios [2] .
There is a great number of experimental and theoretical investigation of L X-ray fluorescence cross sections. Out of these works we mention references [3] [4] [5] [6] where the L X-ray cross sections is measured for the elements with 70 ≤ Z ≤ 92 excited by 59.543 keV photons [3] , 40 ≤ Z ≤ 92 at an excitation energies of 2-116 keV [4] , for the elements Pr, Ho, Yb, Au, and Pb using photon energies of 23.62 and 24.68 keV [5] , and for the elements La, Ce, Gd, Er, and Au using photon energies of 15.2, 16.02, 23.62, and 24.68 keV [6] . Since the experimental values of L X-ray fluorescence cross sections were not available in literature for all the elements at all photon energies, the experimental results have been discussed in comparison with the theoretical values.
The theoretical values of L X-ray fluorescence cross sections have been calculated with uncertainties of order 20%. These calculations are carried out by using the theoretical X-ray emission rates [7] , subshell ionisation cross sections [8] , subshell fluorescence yield and CosterKronig transition probabilities [9, 10] . These quantities are based on ab initio relativistic calculations [7] . The uncertainties in the fluorescence yield values are 3-15% and in the Coster-Kronig transition probabilities are 10-20%. The uncertainty in the theoretical values of L X-ray fluoa e-mail: wael salahh@hotmail.com rescence cross sections mainly arises from errors in these tabulated values. For this reason, most users prefer to rely on experimental values.
The measured values of L X-ray fluorescence cross sections reported by various workers using quite different experimental arrangements are found in fairly agreement with one another and also with the theoretically calculated values. However, some discrepancies exist among different measurements and also calculated values for high atomic number elements [12, 13] . These discrepancies might be due to uncertainties in the adopted fluorescence yields and Coster-Kronig probabilities for such elements. For this reason L X-ray fluorescence cross sections need to be measured, accurately, for more elements covering a wider range of energy.
In an effort to resolve the existing discrepancies and also to provide new and reliable experimental data, we have measured the L X-ray fluorescence cross sections (σ Lα , σ L β , and σ Lγ ) and the relative intensities for the elements La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Tm, Yb, and Lu at an excitation energy of 16.9 keV. At this energy, the K-shell electrons from the target element were not knocked out, therefore, the distribution of the vacancies produced as a result of photoionization of the L shell is not disturbed due to the shift of electrons from the L to K shell.
All the samples are self-supporting, of purity better than 99%, and of thickness ranging from 35.58 to 37.36 µg/cm 2 .
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The European Physical Journal Applied Physics the external conversion of K X-rays of Nb having weighted mean energy of 16.9 keV were made using the annular source experimental set-up shown in Figure 1 . Briefly, the direct beam from the primary excitation source 241 Am was incident on the secondary target (Nb of purity better than 99.9%). The radiation leaving Nb was collimated through a home built cylindrical collimator of pure aluminum with a transmission filter of the same secondary target material in order to obtain a monochromatic beam with high intensity. The K X-ray of Nb provides incident photons with an energy of 16.9 keV. The fluorescent X-rays from these samples were detected by a high-resolution Si (Li) X-ray detector. Three sets of measurements were made for each target for irradiation times of 40 000 to 90 000 s in order to reduce the statistical error in the measurements. The weighted averages of the three measurements were used. The fluorescent spectrum of each element contains four groups of photopeaks corresponding to the L l , L α , L β and L γ groups of X-rays which are well separated from each other as shown typically for Pr in Figure 2 .
Experimental data analysis
Experimental σ Lα , σ L β , and σ Lγ X-ray fluorescence cross sections were measured using the equation
where I Li (i = α, β and γ) is the number of counts per second observed for L i group of X-rays of the targets in question. ε Li is the detector efficiency of the L i group of X-rays, I 0 is the intensity of exciting radiation incident on the sample, G is the geometrical factor, t is the sample atomic density in atoms/cm 2 and T is the selfabsorption correction factor of the target materials. The self-absorption correction factor for the L-ith X-ray has been calculated by using the following expression: where µ inc and µ emt (cm 2 /g) are the linear absorption coefficients of the target at the incident photon energy and the emitted L i X-ray energy, respectively [14] , t is the measured thickness of the target in g cm −2 , φ 1 and φ 2 are the angles of incidence of the X-ray on the target and the X-rays emitted from the target, respectively. For our geometrical set-up φ 1 and φ 2 have been calculated as 36
• and 0
• , respectively. However, for our thin target, T is found to be ∼ = 1.0.
The values of I 0 Gε Li , for the present experimental setup were determined as an average of ten experiments, by collecting separately, the K X-ray spectra of thin samples of Cl, K, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn and Ge using the following equation [15] :
where I Kα is the rate of counts under the K α peaks, ε Kα is the detector efficiency of the K X-rays.
The theoretical values of the σ Kα X-ray fluorescence cross sections were calculated using the equation:
with
where σ K (E) is the K-shell photo ionisation cross section [8] for the given element at the excitation energy, ω K is the K-shell fluorescence yield [9, 10] , and F Kα is the fractional ratio of the K α X-ray, and
is the K β to K α X-ray intensity ratio of K β and K α lines [11] . Since, the experimental values of σ Kα X-ray fluorescence cross sections were not available for all the elements at the required energy, it was decided to use the theoretical values of σ Kα 
where E x is the K α X-ray energy, A 0 , A 1 , A 2 , and A 3 are constants evaluated from least-squares fitting. The variation of Log (I 0 Gε Kα ) with K α X-ray energy is shown in Figure 3 . The fitted coefficients at an excitation energy of 16.9 keV are presented in Table 1 . The values of I 0 Gε Li factor for each L X-ray line of average energy E Li are extrapolated from equation (6) . Substituting these values into equation (1) we obtain the experimental values of L X-ray fluorescence cross section σ Lα , σ L β , and σ Lγ .
Theoretical evaluation of L X-ray fluorescence cross sections
The theoretical σ Lα , σ L β and σ Lγ X-ray fluorescence cross sections could be calculated using the relations: where σ L1 , σ L2 and σ L3 are the L sub-shell photoionization cross sections of the elements at the excitation energy [8] , ω 1 , ω 2 and ω 3 are the L sub-shell fluorescence yields, f 12 , f 13 and f 23 are the Coster-Kronig transition probabilities [9, 10] , and F ny are the fraction of radiation width of the sub-shell L 1 , L 2 and L 3 contained in the yth spectral line
where n = 1, 2 and 3, y = α, β, γ, and Γ is the theoretical total radiative transition rate of the L n shell and Γ ny is the sum of the radiative transition rates contribute to L y lines associated with the hole filling in the L n shell. The L sub-shell decay yields used in this work are given in Tables 2 and 3. The intensity ratios of the L i group of X-rays with respect to L j group of X-rays of a given element can be evaluated from the measured quantities using the relation
where I Li and I Lj correspond to the fraction of the total X-rays which contribute to the intensities of the ith and jth peaks of the L X-ray spectrum, N Li and N Lj are the number of counts per unit time under the L i and L j groups of X-rays respectively, T Li and T Lj are the absorption correction factors for the I Li and I Lj groups of X-rays respectively, and ε Li and ε Lj are the detector efficiency values at the energy corresponding to I Li and I Lj X-rays. Although the relative intensities can be calculated from the fluorescence cross sections data.
Results and discussions
The experimental values of L X-ray fluorescence cross section σ Lα , σ L β , and σ Lγ are given in Table 4 with overall errors around 6% (8% for σ Lγ ); this error arises as a result of uncertainties in the physical parameters required to evaluate these experimental values using equation (1). The uncertainties and the nature of uncertainties in these parameters are as follows: 2% due to counting statistics, 3% due to target thickness measurements. The uncertainty of I 0 Gε Li is determined by using least Squares fit, and it is estimated to be 4-6%.
The measured values of σ Lα , σ L β and σ Lγ X-ray fluorescence cross sections are compared in Table 4 and Figures 4a , b, and c with the corresponding theoretical values. The experimental results are in good agreement with the theoretical ones. Table 5 gives the results of our experiments for the elements Tb, Dy, Ho, Tm, Yb, and Lu for which L X-ray fluorescence cross sections at 16.90 keV have been accurately measured previously by various authors with an uncertainty of 8% by using an X-ray tube [16] . The agreement between our experimental results and those of [16] makes us confident in our experimental results and confirms the fact that no unsuspected error, greater than the quoted uncertainties could affect our own results. 
Conclusion
Cross sections for the production of L α , L β and L γ have been measured for the elements La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Tm, Yb, and Lu using photon energy of 16.9 keV. Measurements have been performed using a high resolution Si(Li) detector with a secondary-exciter system (Nb) as the excitation source.
The present experimental results have been compared with the theoretically calculated values in order to bring out the existing status of L X-ray production cross sections and optimize the utility of the data in several application. A fairly good agreement between the present experiment and theory is seen.
The L-shell X-ray intensity ratios 
